Three rhodamine derivatives exhibiting electrofluorochromic properties were investigated by cyclic voltammetry and UVeVis/fluorescence spectroelectrochemistry. Rhodamine 101 (Rh101, compound 1) was used as a reference model. In compound 2, the carboxylate anion of Rh101 was replaced by an alkyne moiety to allow further functionalization. The compound 3 was prepared from 2 by conversion of the alkyne to a triazole group bearing an alkyl chain with an alcohol function. These three rhodamine derivatives exhibited similar electrochemical behaviors. Their mono-electronic reductions produced the corresponding radical species which were stable on the time-scale of cyclic voltammetry. Additional reduction of electrogenerated radicals produced unstable anions which underwent subsequent chemical reaction, most likely protonation. Based on cyclic voltammetry investigations, absorption and fluorescence spectroelectrochemistry were then performed on compounds 1, 2, 3 and their parent reduced radicals 1a, 2a, 3a. UVeVis spectroelectrochemistry, combined with TD-DFT calculation, confirmed the formation of radicals upon mono-electronic reduction of starting rhodamines. Fluorescence spectroelectrochemistry showed that, contrary to their parent molecules, electrogenerated radicals were non-fluorescent. Electrochemical fluorescence extinction was successfully achieved with all studied compounds. Moreover, compound 1 underwent on/off switching between fluorescent and nonfluorescent states repeatedly. Also, recovery of fluorescence in compound 3 was observed, which open interesting opportunities for the development of versatile rhodamine-based probes.
Introduction
Combination of electrochemistry with spectroscopic techniques is a powerful tool in the fields of analytical chemistry, biophysics and chemical physics. Especially electrofluorochromism, in which fluorescence of molecules can be modulated electrochemically, is becoming a very attractive approach in analytical and bioanalytical chemistry since many analytes are redox active and can be detected and/or mapped with high sensitivity through fluorescence [1, 2] . Even though electrochemical fluorescence modulation is becoming a promising approach, only a few systems based on single fluorescent molecules [3e7], molecular dyads [8e10], or polymers [11] have been described. The use of intrinsically switchable fluorophores appears to be the most straightforward strategy as the fluorophore can behave both as the light emitter and the redox switch. Nevertheless, this strategy is well-adapted only if the electrogenerated ion-radicals are stable enough. Accordingly, compounds possessing extended p-electron systems such as rhodamine derivatives are good candidates. Rhodamine derivatives, which belong to the family of xanthenes, are widely used as fluorescent probes owing to their high absorption coefficients, high quantum yields and photostability [12, 13] . Furthermore, fluorescent markers emitting in red are extremely valuable in biological microscopy since they minimize cellular autofluorescence and increase flexibility in multicolor experiments [14, 15] . Within the rhodamine family, Rh101 is one of the most stable fluorophores with a quantum yield close to unity which can be used as a reference substance for fluorescence quantum yield measurements [16] . Interestingly, fluorescence of Rh101 was found to be quenched by amine derivatives [17] or by graphene oxide [18] , but the quenching was found to be irreversible. Fluorescence of Rh101 was also found to be switchable when the fluorophore was grafted to a photochromic compound. In this case, fluorescence was reversibly quenched by focused light [19] . However, to the best of our knowledge the fluorescence quenching of Rh101 has never been investigated by electrochemistry, although some electrochemical investigations of several rhodamine derivatives, such as rhodamine B and rhodamine 6G, have been reported [20e23]. Rhodamine B was especially investigated for its photoelectrochemical properties. In 1974, Krüger and Memming reported on the photoelectrochemistry of rhodamine B using conducting SnO 2 film electrodes [23] . Under these conditions, the reduction of rhodamine B was shown to first lead to a radical anion, which then formed a complex with rhodamine B. Disproportionation of the one-electron reduced rhodamine B into rhodamine B and leucorhodamine B was expected, but not observed. In 1986, Quickenden et al. reported on the power conversion efficiency of the rhodamine B photoelectrochemical cell containing unmodified and electrochemically modified SnO 2 glass photoelectrodes [21] . In 2010, F. Marken et al. used rhodamine B as a photoactive redox system to investigate photoelectrochemical processes at a liquid/ liquid/solid electrode interface [20] . Microdroplets of the waterimmiscible 3-(4-phenylpropyl)-pyridine containing rhodamine B were deposited onto a basal plane pyrolytic graphite electrode surface which was then immersed into an aqueous solution containing a phosphate buffer solution (pH 12). Under these conditions, and in the absence of light, it was shown that reduction of rhodamine B involved two steps (both one-electron processes) whereas the re-oxidation occurred through a single two-electron process. Voltammetric signals were consistent with sodium cation transfer (for the first reduction step) and proton transfer (for the second reduction step) coupled to the electron transfer.
Rhodamine 6G (R6G) was also investigated electrochemically. It was notably shown that the electrochemical reduction of R6G at a bare electrode, in aqueous solution, led to an irreversible reduction process due to a strong adsorption of R6G on the electrode surface [22] . Nevertheless, it was reported that modification of the electrode surface with 4,4 0 -bipyridyl led to a quasi-reversible oneelectron reduction process.
Herein, three rhodamine derivatives, including the commercially available Rh101 and two novel derivatives (Scheme 1), were investigated by cyclic voltammetry and UVeVis/fluorescence spectroelectrochemistry. We established that the fluorescence switching of Rh101 can be achieved electrochemically. This result prompted us to carry out the functionalization of the Rh101 molecule and examine whether the electrochemical fluorescence switching were preserved on the resulting compounds.
Accordingly, an original rhodamine derivative 2 bearing an alkyne moiety was first prepared (Scheme 1), then used to synthesize the triazole derivative 3 (Scheme 1).
Experimental section

Materials
Compounds for the synthesis of compound 2 and 3 were used as received: CF 3 COOH (Carlo Erba P0082746), CH 2 Cl 2 (Carlo Erba 528461), CuSO 4 (Alfa Aesar A11262), cyclohexane (Carlo Erba 528215), DMF (Carlo Erba 444926), EDTA (Alfa Aesar A15161), Et 2 O (Carlo Erba 447534), EtOAc (Carlo Erba 528295), EtOH (Carlo Erba 528151), HCl (VWR 20252.324), H 2 O (distilled with Aquatron ® model A4000), 8-hydroxyjulolidine (Sigma Aldrich 249394), K 2 CO 3 (Alfa Aesar A16625), MeOH (Carlo Erba 528101), MgSO 4 (VWR 25162.465), NaCl (VWR 27788.460), propargyl bromide (Sigma-Aldrich 81831), rhodamine 101 (compound 1, Sigma-Aldrich 83694), salicylaldehyde (Sigma-Aldrich S356), silica gel (Macherey-Nagel 815381.1), sodium ascorbate (Sigma-Aldrich 11140), tetrachloro-1,4-benzoquinone (Sigma-Aldrich 232017), trifluoromethane-sulfonic acid (Sigma-Aldrich 158534). 1-Azidopropan-3-ol was previously prepared in our laboratory [24] . Compounds for electrochemical and spectroelectrochemical experiments were also used without further purification: anhydrous MeCN (Sigma-Aldrich 271004), ferrocene (Sigma-Aldrich 46260). Tetrabutylammonium tetrafluoroborate (TBA.BF 4 ) was synthesized from tetrabutylammonium hydrogen sulfate by anion metathesis with sodium tetrafluoroborate. MeOH (Sigma Aldrich 249394) for spectroscopic measurements was used as received.
Cyclic voltammetry
Cyclic voltammetry (CV) was performed on Autolab PGSTAT 20 potentiostat in a three-electrode electrochemical cell with a 1 mm sized home-made glassy carbon electrode (Goodfellow) used as a working electrode, saturated calomel electrode (SCE, Radiometer) as a reference electrode, and a platinum wire (Goodfellow) as a counter electrode. The reference electrode was separated from the bulk solution by a fritted-glass bridge filled with the solution of supporting electrolyte (0.1 M TBA$BF 4 in MeCN). CV experiments were measured after at least 10 min of argon purging, at room temperature, with ferrocene as an internal standard. The half-wave potential of the ferrocene/ferrocenium redox couple (Fc/Fc þ ) was 0.420 V/SCE [25] .
Spectroelectrochemical measurements
Spectroelectrochemical experiments were carried out on Scheme 1. Chemical structures of rhodamine 101 (1), alkyne 2 and triazole 3 derivatives investigated in this work.
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Autolab PGSTAT 20 potentiostat in a quartz glass spectroelectrochemical cell with 0.5 mm optical path length (Biologic) using platinum mesh as a working electrode, non-aqueous Ag/Ag þ (Biologic instruments; silver wire soaking in a non-aqueous electrolyte Ag þ /MeCN/TBAP (tetrabutyl ammonium perchlorate)) as a reference electrode, and a platinum wire as a counter electrode. The platinum mesh electrode was treated with piranha solution (concentrated sulfuric acid/30% hydrogen peroxide 3:1) before every experiment. Caution: piranha solution is extremely reactive and may result in explosion or skin burns if not handled with extreme care. 0.1 M TBA$BF 4 in MeCN was used as a supporting electrolyte. Perkin Elmer Lambda 45 spectrometer was used in absorption spectroelectrochemical experiments and JASCO FP-8300 spectrofluorometer in fluorescence spectroelectrochemical experiments. All experiments were performed after at least 10 min of argon purging, at room temperature, with ferrocene as an internal standard. The half-wave potential of the ferrocene/ferrocenium redox couple (Fc/Fc þ ) was 0.095 V with the non-aqueous Ag/ Ag þ reference electrode. All potentials were recalculated to SCE by adding the difference of 0.325 V to all measured values.
DFT calculations
The quantum chemical calculations were performed using the Gaussian 09 package [26] . Geometry optimizations were performed with DFT/B3LYP/6-31þg(d,p) level of theory. The presence of local energy minimum in final structures was confirmed by frequency calculation with the same basis set. Absorption spectra were obtained from excited state calculation based on time-dependent density functional theory (TD-DFT) employing the CAM-B3LYP/6-31þg(d,p) level of theory (n states ¼ 30). Absorption spectra were generated by broadening the calculated transition intensities by Gaussian curve with half-width of 0.1 eV and with wavelength scaling of 0.4 eV.
Syntheses and analytical data
2.5.1. The synthesis of 2-(Prop-2-yn-1-yloxy)benzaldehyde (4) (CAS: 29978-83-4) was based on a literature procedure [27] (Scheme 2).
Propargyl bromide (80% in toluene; 10.1 mL, 93.7 mmol) was added slowly over the period of 1 h to the solution of salicylaldehyde (10.0 g, 81.9 mmol) and K 2 CO 3 (12.7 g, 91.9 mmol) in DMF (150 mL). The reaction was stirred at room temperature overnight. Et 2 O (100 mL) was added to the mixture and it was extracted with an aqueous 1 M K 2 CO 3 solution (3 Â 100 mL), with an aqueous 1 M HCl solution (3 Â 100 mL), and with a saturated aqueous NaCl solution (100 mL). The organic layer was dried over MgSO 4 and the solvent was removed on a rotary evaporator. The resultant residue was purified by column chromatography on silica gel (cyclohexane/ EtOAc 8:2). Product 4 was isolated as a white solid in 81% yield ( A solution of CuSO 4 (7.3 mg, 29.2 mmol) and sodium ascorbate (6.7 mg, 33.8 mmol) in H 2 O (1 mL) was added to a solution of rhodamine 2 (30.0 mg, 48.8 mmol) and 3-azido-1-propanol (23 mL, 249.1 mmol) in DMF (9 mL). The mixture was stirred at room temperature overnight and the solvents were evaporated. The residue was dissolved in CH 2 Cl 2 (50 mL) and washed with 0.1 M Na 2 EDTA aqueous solution (2 Â 20 mL). The organic layer was dried over MgSO 4 and the solvent was removed on a rotary evaporator. The resultant residue was purified by column chromatography on silica gel (CH 2 Cl 2 /EtOH/CF 3 COOH 900:100:1). Compound 3 was isolated as purple oil in 57% yield (20 mg, 28 mmol). 
Results and discussion
Electrochemical and spectroelectrochemical investigations of rhodamine derivatives 1 and 2
Compounds 1 and 2 were first investigated to probe the fundamental electrochemical and spectroscopic properties of rhodamine 101 derivatives as well as to examine effects of an alkyne moiety on their behavior.
Electrochemistry
Cyclic voltammetry was used to investigate the electrochemical behavior of compounds 1 and 2 (Fig. 1) .
Both compounds exhibited a first reversible reduction process (E 0 1 ¼ À1.15 V, E 0 2 ¼ À0.97 V with E 0 determined from (E pa þ E pc )/ 2 where E pa and E pc are the anodic and cathodic peak potential values, respectively) and a second irreversible one (E 1R' ¼ À1.90 V, E 2R' ¼ À1.71 V). Compared to reported electrochemical behavior of rhodamine derivatives in aqueous solutions [22] , no adsorption behavior of either 1 or 2 on the electrode surface appeared on the cyclic voltammograms shown in Fig. 1 when acetonitrile was used as the solvent. The peak-to-peak separation measured in both cases for the first reversible reduction process (DEp~70 mV) approaches theoretical value of 59 mV and corresponds to the peakto-peak separation of ferrocene oxidation measured under the same conditions which is consistent with a mono-electronic transfer (Fig. 1a) . Importantly, the presence of an alkyne moiety in compound 2 did not affect its fundamental electrochemical behavior compared to 1. Nevertheless, replacement of the carboxylate moiety in 1 with a neutral alkyne fragment made the compound 2 easier to reduce compared to 1. This result is in agreement with the lower electronic density of compound 2. Based both on previously reported results [20e23] and our observations, it was possible to propose a mechanistic frame for rhodamine 101 electro-reductive behavior. Within the time-scale of cyclic voltammetry, the first electron transfer to 1 and 2 leads to the formation of radical species 1a and 2a, which are sufficiently stable to be either re-oxidized or further reduced into their corresponding anions 1b and 2b. The irreversibility of the second reduction waves suggests that anions 1b and 2b engage in a subsequent chemical reaction, most likely protonation (Scheme 5).
UVevis spectroelectrochemistry
Photophysical properties of rhodamine derivatives investigated in this work are summarized in Table 1 . In the absence of applied potential, compounds 1 and 2 showed maximum absorption bands at 562 nm and 582 nm, respectively (Fig. 2) .
When potentials were applied, corresponding to the formation of radicals 1a (À1.5 V/SCE) and 2a (À1.4 V/SCE) (Scheme 5), original absorption bands of 1 and 2 disappeared and were replaced by new bands at 434 nm and 440 nm, respectively ( Fig. 2a and b) . These changes agreed with visual observation as the starting pink solutions turned yellow.
To confirm that the newly formed peak at 440 nm could be assigned to the corresponding radical 2a, TD-DFT calculations were performed on both the starting compound 2 and its reduced species 2a. As shown in Fig. 2c , the calculated absorption spectra (l max_2_calc ¼ 556 nm, l max_2a_calc ¼ 452 nm) were in good agreement with the experimental ones (l max_2_exp ¼ 582 nm, l max_2a _exp ¼ 440 nm). This confirmed that absorption bands appearing at 434 nm and 440 nm can be assigned to the formation of the corresponding radical species 1a and 2a. However, and as shown in Fig. 2c , the predicted intensity for 2a was higher than that obtained experimentally. Also, the band intensity of 2a was much lower compared to that of 1a ( Fig. 2a and b) .
When potentials, corresponding to the formation of anions 1b (-2 V/SCE) and 2b (-1.8 V/SCE), were applied, no new bands appeared ( Fig. 2a and b) . This behavior was also in agreement with the visual evolution of solutions which totally decolorized confirming that reduction products did not absorb in the visible range.
The spectroelectrochemical investigations, led us to examine first the ability of compound 1 to be repeatedly and reversibly electrochemically switched between the reduced and the oxidized states. Absorbance intensity was recorded during application of a double potential step triggering successively the reduction of 1 into 1a and the reoxidation of the latter back into the parental form 1. Absorbance intensities were registered at wavelengths corresponding to absorption maxima of 1 (560 nm) or 1a (435 nm). As shown in Fig. 2d , the absorbance of 1 rapidly decreased during the reduction step, but was fully recovered in the second step (reoxidation). As expected, a symmetrical situation was observed for the electrogenerated radical species. Absorbance of 1a (435 nm) rapidly increased upon the reduction step whereas it decreased during the reoxidation step. Importantly, no noticeable changes in absorbance intensities were observed after several cycles confirming the stability of the electrogenerated radical under these conditions. It is noteworthy that durations of reoxidation steps were ca. three times longer than reduction steps to allow complete diffusion of electrogenerated 1a back to the electrode. Interestingly, a similar behavior was obtained with 2 indicating the electrogenerated radical 2a was also stable under these conditions ( Fig. 2e ).
Electrofluorochromism
Fluorescence spectroelectrochemical measurements were performed using the same spectroelectrochemical cell and the same methodology as for absorption. At open circuit potential, the emission spectra of 1 and 2 displayed an intense fluorescence peak at 599 nm (l exc ¼ 566) and 614 nm (l exc ¼ 580), respectively ( Fig. 3a  and b ).
During electrolysis, at potential values corresponding to the formation of radical forms (À1.3 V for 1 and -1.2 V for 2), the fluorescence emission intensity disappeared in both cases within 3 min indicating that electrogenerated radicals 1a and 2a were nonfluorescent.
To confirm these results, fluorescence spectra were also recorded under excitations at 435 nm and 440 nm, which corresponded to the radical absorption wavelengths. Under these conditions, only residual fluorescence of initial rhodamine derivatives 1 and 2 was observed at open circuit potential ( Fig. 3c and d) . During electrolysis, residual fluorescence rapidly disappeared and no new significant fluorescent signals appeared confirming that radicals 1a and 2a were non-fluorescent.
In this context, it was interesting to investigate the possible electrochemical fluorescence on/off switching between the rhodamine derivatives 1 and 2 and their corresponding nonfluorescent radicals 1a and 2a. Our first experiments were performed on compound 1. Similarly to absorption experiments, the spectroelectrochemical fluorescence response was recorded upon application of a double potential step triggering the reduction of 1 into its corresponding non-fluorescent radical 1a and reoxidation into the fluorescent form 1. Fluorescence intensity variations were registered at 599 nm (l exc ¼ 566 nm). As shown in Fig. 3e , a full ON/ OFF switching could be achieved between the fluorescent oxidized and the non-fluorescent reduced states without noticeable loss of overall intensity during several cycles. Here again, the second potential step had to be around three times longer than the first reduction step to allow full diffusion-controlled reoxidation of 1a. When the same experiment was performed with compound 2, the fluorescence recovery upon switching was less efficient (not shown). 
Electrochemical and spectroelectrochemical investigations of compound 3
After exploring the electrochemical and spectroscopic properties of compounds 1 and 2 and showing the reversible electrofluorochromic properties of the former, our next objective was the modification of compound 2, using the alkyne fragment, to examine whether the reversible electrochemical fluorescence switching observed with 1 could be restored. Accordingly, the triazole derivative 3 (Scheme 1) was prepared from 2.
The UVeVis and fluorescence spectra of 3 were first investigated (Fig. 4a) .
The substitution of the carboxylate moiety by a triazole group bearing an alkyl chain with an alcohol function did not significantly change the photophysical properties of 3 compared to 1 (Table 1) . Nevertheless, the molar absorption coefficient of 1 was found to be nearly twice the value of that of 3 whereas the quantum yield of the latter was found to be slightly lower compared to 1.
The electrochemical behavior of 3 was investigated by cyclic voltammetry. As shown in Fig. 4b , the electrochemical reduction of 3 exhibited a reversible reduction wave (E 0 3 ¼ À0.96 V) located at a potential value close to that of compound 2 confirming the reduction potential dependence of rhodamine compounds upon electronic effects brought by substituents. By analogy to the previous investigations, the electrochemical reduction of 3 produced a radical species 3a which appeared stable on the time-scale of cyclic voltammetry. As for 1 and 2, the reduction of the electrogenerated radical 3a was observed at a more negative potential value (À1.65 V; not shown).
During electrolysis, at a potential value corresponding to the formation of the radical species 3a (À1.1 V), the fluorescence emission intensity of 3 decreased rapidly and fully switched after Fig. 3 . Time evolution of fluorescence emission spectra recorded in TBA$BF 4 /MeCN (0.1 M) at electrode potentials of À1.3 V for 1 and -1.2 V for 2; a) 1 (0.08 mM, l exc ¼ 566 nm); b) 2 (0.08 mM, l exc ¼ 580 nm); c) 1a (0.08 mM, l exc ¼ 440 nm); d) 2a (0.08 mM, l exc ¼ 435 nm); e) Reversible fluorescence switching of compound 1 monitored at 599 nm (l exc ¼ 566 nm). Switching potential values and step duration times were as follows: E red ¼ À1.3 V (10 s), E ox ¼ À0.5 V (30 s).
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Conclusion
The photophysical and electrochemical properties of various rhodamine 101 derivatives have been investigated. The commercially available Rh101 (1), used as a reference model, was first examined. Contrary to its parental molecule, the electrogenerated radical form of Rh101 was found to be nonfluorescent. It was shown that the electrochemical fluorescence switching between the starting fluorescent Rh101 compound and its corresponding non-fluorescent radical form could be achieved. This result prompted us to modify the Rh101 molecule with an alkyne moiety and investigate the electrochemical fluorescence properties of the new derivative 2. Subsequently, it was used for the synthesis of the triazole derivative 3. While the reversibility of electrochemical fluorescence switching in compound 2 was not as efficient as in compound 1, fluorescence of compound 3 could be restored electrochemically, a most interesting feature for rhodamine-based compounds obtained by click chemistry. This work proved that rhodamine 101 derivatives can act both as light emitters and redox switches, opening new perspectives in the development of these fluorophores as practical probes, namely in fluorescence confocal microscopy [29] .
